A new ground-based wind profiling technology, a scanned bistatic sodar, is described. 21
Introduction 34
In the last few years the use of surface-based remote sensing for wind energy has come to 35 be the preferred method of obtaining wind profiles in the vicinity of large turbines 36 (Upwind, 2011) . The useful instruments comprise two types: lidars, which use laser light 37 scattered from naturally occurring atmospheric particulates; and sodars, which use 38 audible sound scattered from atmospheric turbulence (Emeis, 2010) All commercial versions of lidars and sodars are "mono-static", by which is meant 47 that the transmitter and receiver are co-located, and energy from the scattering volume is 48 scattered through 180. This has the advantage of compactness, and the instruments are 49 more readily deployed in the field because the single instrument package is self-50 contained. However, Doppler shift from a moving target requires that there be a 51 component of the motion either in the transmitter-target line or in the target-receiver line. 52
This means that, to sense three Cartesian coordinate wind components, at least three 53 4 beams of light or sound have to be transmitted upward and at least two of these must be 54 non-vertical. 55
For a sound beam transmitted in the direction T and scattered energy received 56 from direction R, the measured Doppler shift can be written in scaled form as 57 measurements agreed with mast measurements to within an order of magnitude, which is 130 reasonable, given various system uncertainties. It was noted that only 25% of the 131 received scattered energy was expected to be from temperature fluctuations. 132 Figure 4 shows a spectrum from the Heimdall bi-static sodar. The direct signal 133 from the transmitter to the receiver is obvious in the sharp spectral peak at 3960 Hz. The 134 remainder of the spectral hump is comprised of two broad bell-shaped spectral peaks. 135
The broader spectral peak to the left is due to the vertically transmitted pulse. Note that it 136 is much broader than the direct signal spectrum because of the wide range of scattering 137 angles for this continuous system. There is also a second broader peak, partly underlying 138 the direct signal peak and slightly to its right. This is due to a diffraction side lobe from 139 the dish antenna used. Given that f T = 3960 Hz, and the peak at the left is at 3920 Hz (for 140 Here D = z, so  = ±30°, which emphasizes the need for bi-static SODARs to be 146 pulsed systems. The broad peak at the right, at 3970 Hz, will be from a side-lobe at about 147 27° from the vertical. Side lobes at such angles readily exist since they will generally be 148 within the angular pass region of acoustic baffles. For mono-static SODARs such a side 149 lobe would be unlikely to cause problems, but in the case of this bi-static system it is 150 significant. From these examples of previous work it is clear that bi-static sodar systems do 161
give wind profiles, but that (1) they should allow for a non-staring (i.e. scanned) mode, or 162 a multiple fan-beam staring mode, so as to give a broad height range, and (2) they should 163 be pulsed so that problems with direct and diffracted beam reception are avoided, and so 164 that the height range of the sensed volume is not so extensive. The design described 165 below accommodates to these requirements. Acoustic scattering from rain drops for typical SODAR wavelengths is in the Rayleigh 185 regime, and has an angular dependence of (sin-2/3) 2 , as discussed by Bradley and 186 Webb (2002) . This has a minimum at sin = 2/3 or =42, whereas from Equation (6) From (1), the bi-static equivalent of (2) is 195 are as shown in Figure 9 . 231
Given the above, a reasonable design starting point is to have the scanned 232 receiving arrays about 1m in length. For a prototype bi-static receiver, we have used 233
Motorola KSN1005A super-horn tweeters as microphones. These have a diameter of d = 234 0.085m and, because our multi-channel data loggers have 12 channels, we used M = 12 of 235 these microphones in a linear array, giving a length L = 0.935m. In order to limit the 236 lateral extent of the sensitivity, we used a 12x3 array, with each row of three 237 microphones connected in parallel to a low-noise preamplifier. This gave a lateral half-238 beamwidth of 12.7. 239
The pointing direction of each microphone array is controlled by adding a 240 progressive phase shift  to each row down the length of the linear array of 241 microphones (Bradley, 2007) . In order to obtain best sensitivity, each array is mounted on 242 a tripod and aimed at a height z 0 , at an elevation angle of  0 . 243
The pointing elevation angle,  g to the centre of a range gate sampling volume at 244 height z g , is 245 (N g -1) . Within this time period, the phased array receiver needs to be staring 254 at this sensing volume, which is achieved by applying the correct incremental phase shift 255 across the array microphone elements. 256
All of this processing can be done after recording the whole time series s m (t i ) . 257
Delays of any precision can be applied through Fourier transforms. 258 delays are so small that they do not need to be accounted for in the Fourier integral (or 266 indexing for each spectrum). The last column in Table 1 is the velocity increment  267 corresponding to the frequency increment in the Fourier transform. Once these 268 parameters are determined, the M Fourier transforms S mg (f i ) are found for this range gate. 269
Each complex spectral component from S mg is then multiplied by the complex number 270 14 P mg (f i ) to form the complex spectrum S' mg . Finally, the M spectra are summed to obtain 271 the spectral components Q of the phased array at range gate g. 272
This spectrum is analyzed to find the frequency f T +f g of the spectral peak, and hence to 274
The overall amplitude response of the phased array is 277 The prototype bi-static system comprises a horn and parabolic dish reflector transmitter, 292 and two identical phased-array receivers. This configuration of a single transmitter which 293 transmits sound vertically, and multiple inclined phased array receivers, is chosen 294 because other configurations, such as a single vertically-pointing receiver and multiple 295 inclined transmitters require more power and the use of multiple transmit frequencies. A 296 master PC generates the transmitted signal, sent to the horn through a power amplifier. 297
The master PC receives signals from one of the phased array receivers (Unit 1), and also 298 generates a trigger signal which is sent to a slave PC. The slave PC controls sampling 299 from a second phased-array receiver (Unit 2). All timing is therefore controlled by the 300 master PC. 301
Each receiver array consists of 12 rows each containing 3 microphones (actually 302 KSN1005A superhorn tweeters used as microphones). The voltage outputs from each 303 group of 3 microphones are summed. This has the effect of confining the lateral 304 (azimuth) receiver sensitivity, while also cancelling some of the random noise. Each of 305 the 12 grouped outputs is amplified, using a low-noise preamplifier, and band-pass 306 filtered. Digitization is achieved using a Data Translation DT9836 usb module, which can 307 sample the 12 channels simultaneously at up to 225 kHz (see Fig. 11 ). The dish antenna 308 and each receiver are mounted on stand with adjustable zenith angle (see Fig. 12 ). 
C profiles 313
The prototype bi-static system was set up at the Riso test facility at Høvsøre, Denmark, 314 with a single transmitter and two phased array receivers. The receivers were each 38 m 315 from the transmitter, with the transmitter-receiver lines at right angles. Receiver Unit 1 316 had hay bales on three sides, as an acoustic shield. Unit 2 and the transmitter had no 317
shielding. 318
The variation of scattered amplitude with height is shown in Fig. 13, using  319 continuous transmission so that the beam steering selectivity could also be tested. 320
Consequently, the large amplitude lobe near the ground comes from the direct signal, but 321
gives an indication that the angular selectivity of the scanning receiver has a half-width of 322 10 m at the ground, or 15. However, this apparent beam width is mostly due to the pulse 323 length being equivalent to 8.5 m. The expected profile is also shown, based on Eqs. (6) 324 and (14), and assuming that 
